Magnetic turbulence in accretion disks under ideal magnetohydrodynamic (MHD) conditions is expected to be driven by the magneto-rotational instability (MRI) followed by secondary parasitic instabilities. We develop a three-dimensional ideal MHD code that can accurately resolve turbulent structures, and carry out simulations with a net vertical magnetic field in a local shearing box disk model to investigate the role of parasitic instabilities in the formation process of magnetic turbulence. Our simulations reveal that a highly anisotropic Kelvin-Helmholtz (K-H) mode parasitic instability evolves just before the first peak in turbulent stress and then breaks large-scale shear flows created by MRI. The wavenumber of the enhanced parasitic instability is larger than the theoretical estimate, because the shear flow layers sometimes become thinner than those assumed in the linear analysis. We also find that interaction between antiparallel vortices caused by the K-H mode parasitic instability induces small-scale waves that break the shear flows. On the other hand, at repeated peaks in the nonlinear phase, anisotropic wavenumber spectra are observed only in the small wavenumber region and isotropic waves dominate at large wavenumbers unlike for the first peak. Restructured channel flows due to MRI at the peaks in nonlinear phase seem to be collapsed by the advection of small-scale shear structures into the restructured flow and resultant mixing.
Introduction
The magnetohydrodynamic (MHD) instability called magneto-rotational instability (MRI; Balbus & Hawley 1991) occurs in an ionized and magnetized accretion disk. In a fully ionized and Keplerian accretion disk, the maximum growth rate of the MRI reaches W 0.75 K (where W K is the Keplerian angular velocity), and thus the growth timescale of the MRI is generally much shorter than the timescale of disk evolution. Despite numerous attempts to reveal that an MRI results in a turbulent state of the accretion disk in the nonlinear evolutional stage (e.g., Hawley et al. 1995; Sano & Inutsuka 2001; Sai et al. 2013) , fundamental questions regarding the saturation process of the MRI and detailed mechanism responsible for the transition to magnetic turbulence have not fully been resolved (e.g., Turner et al. 2007; Julien & Knoblock 2010) . The turbulent stress, increased by MRI and maintained in MRIdriven turbulence, acts as turbulent viscosity that causes outward angular momentum transport and mass accretion toward the central star (Shakura & Sunyaev 1973) . Therefore, MRI-driven turbulence is believed to be an appropriate explanation for the observed high mass accretion rate. Sano & Inutsuka (2001) carried out three-dimensional resistive MHD simulations using the shearing box system and showed that a channel flow appears repeatedly in the nonlinear stage of the MRI. They showed that magnetic stress becomes significant at the time when the channel flow appears and is relaxed when the channel flow collapses as a result of both magnetic diffusion and reconnections. Goodman & Xu (1994) analytically suggested that the linear growth of the MRI is saturated and that the transition to the turbulent state is caused by a subsequent instability that is called parasitic instability. The parasitic instability is incidental to the MRI; Goodman & Xu (1994) revealed that one type of the parasitic instability is related to the Kelvin-Helmholtz (K-H) instability and another is related to the tearing mode, while these two types of the parasitic instability are caused both by shear flow and by the antiparallel magnetic field resulting from the growth of the MRI. The properties of the parasitic instability, including the maximum growth wavenumber, growth rate, and wave direction, are controlled by the magnetic diffusivity and the fluid viscosity (Pessah 2010) because these diffusivity terms change the eigenvector of the MRI (Pessah & Chan 2008) . Moreover, the magnetic diffusivity controls which of the modes, the K-H instability mode or the magnetic reconnection mode, grows faster. In the case of ideal MHD, the K-H instability mode is a dominant factor of the parasitic instability, and thus the shear flow created by the linear growth of the MRI plays an important role for saturating the MRI growth and resulting in a turbulent state of the accretion disk.
Previous numerical studies reported on the wave spectrum of the enhancement of parasitic instability in an ideal MHD. Lesur & Longaretti (2011) and Murphy & Pessah (2015) carried out an incompressible MHD simulation in a local shearing box (Hawley et al. 1995 ) using a spectral method capable of high-resolution turbulence computations. These studies showed that the structure of MRI-driven turbulence in the wavenumber space has an anisotropy that is considered to be due to the parasitic instability. Rembiasz et al. (2016) carried out a compressible MHD simulation using the shock-capturing and high-order reconstruction scheme and showed the property of the termination of linear growth of the MRI via the parasitic instability. While they focused on core-collapse supernovae and did not assume the Keplarian disk parameter, they reported an anisotropic wave enhancement via a parasitic instability whose wavenumber is higher than the analytical value. This fact suggests the possibility that the enhancement of waves whose spatial scale is smaller than the theoretical expectation plays an important role for the termination of the MRI. In addition, numerical studies reported that the nonlinear evolution of MRI-driven turbulence changes when the resolution (e.g., Rembiasz et al. 2016 ) and numerical and small physical diffusivities (e.g., Minoshima et al. 2015) are modified. Since these modifications change the small-scale flow structure, these studies indicate the importance of the small-scale waves for the generation of MRI-driven turbulence. It is still unclear, however, how the small-scale structures and waves affect the termination mechanisms of the MRI and how they drive magnetic turbulence. One of the reasons is that there are difficulties for the compressible MHD simulation to resolve small-scale structures and waves. Resolving small-scale and compressible flow requires an MHD simulation scheme that resolves the fine structures of waves and also captures discontinuities. A high-resolution MHD code also has an advantage in resolving wave modes whose spatial scales are significantly different, as we expect in the nonlinear stage of MRI. An MHD simulation code that can accurately resolve smallscale waves in compressible plasma is required to reveal the saturation process of the MRI and the driving mechanism of the magnetic turbulence.
In this study, we carry out MHD simulation in a local shearing box with a newly developed MHD code using the high-order and compressible scheme proposed by Kawai (2013) . This scheme has a high wavenumber accuracy, which is suitable for investigating MRI-driven turbulence. Using this code, we investigate the enhancement of parasitic instability and how the enhanced small-scale structures and waves affect the termination mechanisms of the MRI and how they drive magnetic turbulence, i.e., the creation process of turbulent stress, in both the linear and nonlinear phase. This paper is organized as follows. In Section 2 we describe the governing equations, simulation models, numerical method, and the simulation setup. In Section 3 we present the simulation results and discussion. We show the enhancement of the K-H mode parasitic instability and discuss its role for the saturation and relaxation of turbulent stress at the first peak in Section 3.2, and we discuss the difference between a nonlinear peak and the first peak in Section 3.3. We summarize the paper in Section 4.
Simulation Models

Governing Equations
We carry out the adiabatic, compressible, and ideal MHD simulation with the simulation box locally located on the disk and corotating with Keplerian angular velocity around the central star. The governing equations are normalized ideal MHD equations written in conservative form as follows: where γ is the specific heat set as g = 5 3. Note that the actual simulation uses one more equation and the source terms of the induction equation that are obtained from the hyperbolic divergence cleaning method described later.
To simulate a local volume of an accretion disk with a Cartesian grid, we set up a small simulation box whose center rotates with Keplerian angular velocity around the central star; this is the so-called shearing box (Hawley et al. 1995) . We set the radial, azimuthal, and vertical directions of the disk as x, y, and z, respectively, in a rotating coordinate system. Using a rotating coordinate system, we obtain the source terms from Equations (2) and (4) as S Momentum and S Energy , respectively. These terms originate from the centrifugal force and from the Coriolis force, and they are defined as
where Ω is the normalized angular velocity of the rotating simulation box, q is the rotational parameter of the disk defined as W µ -r q , and x is the radial distance from the center of the simulation box where the rotating angular velocity corresponds to the Keplerian angular velocity. Since we used an adiabatic equation of state, the internal energy increases in time through the energy input from the boundary of the shearing box.
All physical values in the above equations are normalized by the physical properties of an arbitrary disk model. The normalization constants in our simulation are density r norm , sound speed c s norm , and time required for orbiting 1 radian T to an arbitrary distance from the central star to normalize the density, velocity, and time. Under this normalization coefficient setting, the length, pressure, magnetic field, and angular velocity 
Numerical Method
To reveal the peak creation mechanism in MRI-driven turbulence, it is necessary to carry out a three-dimensional compressible MHD simulation. The reason is that a parasitic instability is not an axisymmetric instability (e.g., Goodman & Xu 1994 ) and its property is affected by the compressibility (e.g., Latter et al. 2009 ). In addition, the MHD simulation scheme should be able to accurately resolve magnetic turbulence with low numerical diffusivity to resolve small-scale structures in magnetic turbulence. On the other hand, the MHD scheme should also be able to treat discontinuities and shocks because space plasma such as in accretion disks frequently becomes super-sonic and/or super-Alfvenic; thus, many regions may be created where the density, pressure, velocity, and magnetic field change sharply and dynamically. Many recent simulation studies use MHD schemes that employ the shock-capturing-type scheme incorporated in the high-order reconstruction technique. While these schemes can capture shocks and discontinuities very accurately, the high-order reconstruction techniques are complicated and cannot sufficiently suppress numerical diffusivity to accurately resolve waves using a lower grid number. Our study, however, uses a simulation code adopting the high-order MHD simulation scheme of Kawai (2013) , which employs a high-order centraldifference-type scheme that includes artificial diffusivity to focus on resolving magnetic turbulence. This scheme employs an eighth-order compact difference scheme (Lele 1992) to resolve turbulence in a wide wavenumber range, tenth-order compacttype low-pass filtering (Lele 1992; Gaitonde & Visbal 2000) to remove numerical noise, and the localized artificial diffusivity (LAD) method to treat discontinuities and shocks. The compact difference scheme has very high ability to resolve waves, and the eighth-order compact difference scheme can resolve waves by more than four grid points per wavelength. The LAD method adds the artificial diffusivities to the magnetic diffusivity, bulk viscosity, and mass diffusivity by calculating the fourth derivatives of the velocity divergence, square of current, and density obtained by the forth-order central-difference scheme. This method enables central-type-differencing methods, such as a compact difference scheme to treat discontinuity without damping the high-wavenumber wave and disturbing the solenoidal condition of the magnetic field. While the compact difference scheme and compact filtering have a high ability to resolve waves, they cannot be simply parallelized because of the sequential calculations. Therefore, the code we developed uses the pipeline algorithm (Matsuura & Kato 2007) to introduce domain decomposition by MPI parallelization without diminishing the accuracy.
We carried out test simulations with the code we developed. We checked the Alfvén wave propagation test according to Tóth (2000) and found that our code can accurately treat the Alfvén wave propagation by more than four grid points per wavelength. We also conducted the Brio-Wu shock-tube problem. The results showed that discontinuity and shock structures are well captured. The Orszag-Tang vortex problem was also performed by the developed code. We found that the artificial diffusivity by the LAD method is applied only in the vicinity of shock structures and is not effective at smooth structures, as expected. The  · B error that appeared in the simulation system was suppressed within the range of the machine error. Details of the code test have been described in Hirai (2017) .
The code we developed uses the shearing box boundary condition (Hawley et al. 1995) to apply the simulation box to the corotating coordinate system in differential rotational disks. The shearing box boundary condition requires calculating the physical value between the grids, and thus it is necessary to interpolate grid values in the ghost grids at the x-direction boundaries. Interpolation is performed by Taylor expansion at the nearest grid calculated by repeating compact differencing in the y-direction. This interpolation process breaks the solenoidal condition of the magnetic field only at the x-direction boundaries. To solve this problem, the code also employs the hyperbolic divergence cleaning method (Dedner et al. 2002) ; local divergence errors are propagated in the system and are dumped by computing the evolution equation of errors. This method diffuses the divergence errors that occur at the shearing boundary by attenuation. The divergence error of the simulation in this study is suppressed in  < | · | B 0.5.
Simulation Settings
The computational domain is
2 , 2 , where x, y, and z represent the radial, azimuthal, and vertical directions of the disk, . The aspect ratio of the simulation box is determined so as to solve the wavelength mode of the maximum growth of the parasitic instability, which is estimated to be 1.69 times larger than the wavelength of the MRI. The angular velocity of the rotating simulation box is set as W = 1.0, and the initial gas density is set as r = 1.0 0 . We assume that the disk is a Keplerian disk; therefore the disk parameter is q=1.5 and the initial gas velocity is set as = -Wv e x 1.5 y 0 , whereê l denotes the unit vector of the l-direction. The initial magnetic field is the net vertical magnetic field =B e B z 0 0 . In this simulation, we set the strength of the initial magnetic field such that the maximum growth wavelength of the MRI corresponds to the third part of the vertical box . A small random noise, whose amplitude corresponds to 0.5% of the sound speed, is initially added to all components of the velocity as the seed for instability.
Simulation Results and Discussion
Time Evolution of Turbulent Stress
We carried out calculations for 50 orbital periods with the settings described in Section 2.3. Panel (a) of Figure 1 shows the time evolution of some wave modes of the z-directional wavenumber spectra of a sum of the radial and the azimuthal velocity averaged over the radial and the azimuthal wavenuber space, i.e.,
. The horizontal axis represents the orbital period t orbit . The red, yellow, green, blue, and purple lines represent the modes with the wavelength
, respectively, and the gray dash-dotted line represents the analytically obtained maximum growth rate. Since the initial magnetic field is set to drive the MRI whose maximum growth wavelength corresponds to L 3 z , the mode l = L 3 z has the fastest growth rate, which approximately corresponds to the analytically obtained fastest growth rate of MRI, i.e., W 0.75 . The linear growth phase ends at around = t 2.8 orbit , and the evolution enters a nonlinear phase. At nonlinear peaks, the mode l = L z becomes dominant because the magnetic field is amplified by the MRI and the growth condition of the MRI is changed. This feature is consistent with those described in previous studies by Sano & Inutsuka (2001) , for instance. Panel (b) of Figure 1 shows the time evolution of spatially averaged turbulent stress á ñ W xy normalized by initial pressure p 0 . The turbulent stress W xy is defined as similar to the previous three-dimensional simulation studies on MRI-driven turbulence (e.g., Hawley et al. 1995; Sano & Inutsuka 2001) . In this paper, we focus on the first peak at around = t 2.8 orbit (left gray dashed line) and an arbitrarily chosen nonlinear peak at around = t 29.8 orbit (right gray dashed line) to reveal the saturation mechanism of turbulent stress in the linear and nonlinear phase, and the differences of these peaks.
Termination Mechanism of the MRI Linear Growth
at the First Peak
MRI Linear Growth and its Structure
The linear turbulent stress induced by the MRI first grows until a few orbital periods, then it saturates at around = t 2.8 orbit , and finally, it decreases after saturation. In order to see the cascade structure of the injection energy that is due to the MRI, we check the wavenumber spectra of the horizontal velocity along the vertical direction around the first peak. Figure 2 shows the time evolution of the z-direction wavenumber spectra for the horizontally averaged horizontal
In the linear growth phase, the MRI transforms the gravitational potential to horizontal velocity (and horizontal magnetic energy) with the initially set maximum growth wavenumber
MRI,max . This growth is terminated at around = t 2.8 orbit , and the injected energy is widely diffused in wavenumber space after this. Note that the high wavenumber area (
) is dumped because of the 10th order compact-type low-pass filtering. From this figure, it is expected that the injected energy cascades toward the high wavenumber structure because the parasitic instability is enhanced at = t 2.8 orbit . In order to determine the phenomenon that occurs at the time of the first saturation, we checked the disturbed field structures of the horizontal velocity and the horizontal magnetic field. is conserved until just before the turbulent stress is saturated. In particular, this MRI-driven antiparallel velocity, i.e., shear flow velocity, is called the MRI channel flow. The amplitude of these antiparallel fluctuation vectors becomes larger with time in the linear growth phase while maintaining the specific angles, and just after saturation, the amplitude growth stops and the angle of these vectors spreads widely. The time-increasing shear velocity and antiparallel magnetic field can drive the K-H instability and the magnetic reconnection in the direction of the respective antiparallel vectors. Since this calculation is in an ideal MHD simulation, it can be expected that the K-H instability is dominantly induced and rolls up the flow in the vertical direction.
Enhancement of Parasitic Instability and its Contribution to the Termination of the MRI Linear Growth
To determine the enhancement of the wave induced by parasitic instability and its direction at the first peak, we applied a two-dimensional Fourier transform to the vertical component of fluctuation velocity v z and to the magnetic field B z in the horizontal plane. The perturbation of the K-H instability and the magnetic reconnection induced by the MRI dominantly create a vertical component of the velocity and magnetic field because the velocity and magnetic field that the MRI creates have horizontal components. Therefore we can confirm the enhancement of parasitic instability by comparing the direction of the horizontal two-dimensional wavenumber spectra of v z and B z with the vectors of the horizontal disturbed velocity v h and B h . A Fourier transform cannot be normally applied in the x-direction because the boundary of x-direction is not periodic but a shearing boundary. Therefore we apply the Hamming window function along the x-direction before the Fourier transform. We note that the Fourier transform can also be applied by unrolling the coordinates to the nearest grid point, as conducted in previous studies by Hawley et al. (1995) . Figure 4 shows two-dimensional wavenumber spectra of (a) dv z and (b) dB z in the horizontal wavenumber plane averaged over the vertical wavenumber direction at = t 2.8 orbit . The horizontal and vertical axes represent the radial and azimuthal wavenumber, respectively, and these values are normalized by the maximum growth wavenumber of the MRI such that
. It can be seen that there are wave enhancements with strong directivity both in dv z and dB z . The directivity of the enhanced wave has thek k x y direction, i.e., p p 4, 5 4 radian from the radial direction both in v z and B z fields. This anisotropic wave enhancement is similar to that obtained from previous numerical studies ( Lesur & Longaretti 2011; Murphy & Pessah 2015; Rembiasz et al. 2016) . As Goodman & Xu (1994) and Pessah (2010) analytically pointed out, one type of parasitic instability in an ideal MHD is a purely K-H mode; thus, it has the fastest growth rate with wavenumber vector k PI directing p p 4, 5 4 radian from the radial direction. In our calculation, the p p 4, 5 4 radian direction waves are enhanced both in the v z and B z fields, although there exists an antiparallel magnetic field in the p p 3 4, 7 4 radian direction as describe above. Therefore, we confirm that K-H mode parasitic instability is dominantly induced by MRI-driven shear flow in our calculation, as analytically described in previous studies. The existence of the enhancement of dv z wave both in the small and large wavenumber of the k x =k y region shows that the injected energy cascades while maintaining the anisotropic turbulent structure. This anisotropy is broken at the peak, and the spectra becomes isotropic after that. This indicates that the laminated structure that induces the anisotropic energy cascade is broken at the peak, and the turbulent flow changes from anisotropic to isotropic.
Next, we checked the detailed transition mechanism from the MRI to the state of magnetic turbulence via the K-H mode parasitic instability. Figure 5 shows the time evolution of the vertically averaged wavenumber spectra of v z in horizontal wavenumber º + k k k h x y 2 2 along the k x =k y direction, i.e., the time evolution of the spectra along the white dashed line in panel (a) of Figure 4 . The horizontal axis is the horizontal wavenumber º
normalized by the MRI maximum growth wavenumber. Line colors, from blue to red, represent the elapsed time. The dotted line at = k k h MRI,max 0.59 represents the analytically obtained maximum growth wavenumber of the K-H mode parasitic instability. We can see the enhancement in energy of v z at around = t 2.75 orbit , which occurs because the roll-up due to the K-H mode parasitic instability increases the vertical velocity component. However, the fastest growth wavenumber in our simulation is around =k k 2 3 h MRI , which is greater than the analytically obtained fastest growth wavenumber
. This feature is similar to the result of Rembiasz et al. (2016) , which was also obtained using the compressible MHD simulation with the high-order scheme, although their simulation settings are different from ours; in particular, they did not use the Kepletrian rotational parameter. What is the difference between the simulation result and analytical studies? Analytical studies usually assume that the simple shear flow and the antiparallel magnetic field due to the MRI grow with a purely sinusoidal structure with the maximum growth wavenumber of the MRI and retain this structure until the saturation of the MRI. For our simulation, Figure 2 shows that there exist multiple modes other than the maximum growth mode, although the maximum mode has a power one order of magnitude larger than those of other modes. The enhancement of a larger wavenumber wave of v z ( Figure 5) indicates that the shear flow is no longer purely sinusoidal and shows the importance of the existence of a smaller scale flow around the peak. To determine the phenomena that occur at the first peak, we examine the shear flow structure in the simulation result in detail. Figure 6 shows The gray lines in all panels of Figure 6 represent the projection of streamlines depicted by the disturbed velocity in the x=y direction surface, i.e., the lines are streamlines of the field defined as
Although streamlines have both background flow -Wê q x y and perpendicular component of disturbed horizontal velocity dv h, , we can estimate the rough trend of the structure of the disturbed flow component that induces the K-H mode parasitic instability. At = t 2.75 orbit , just before the peak, although the structure that has It is considered that the termination of growth and the relaxation of turbulent stress is related to this collapse mechanism of the shear flow. Since the relations of the velocity components and the magnetic field in the linear growth phase of the MRI are as shown Equation (12), the turbulent stress defined in Equation (8) becomes positive and its growth increment is proportional to the amplitude of the shear flow and the antiparallel magnetic field structure. The termination of the linear growth and the relaxation of turbulent stress therefore indicate the collapse of the antiparallel disturbed field structures. The analytical study by Pessah (2010) assumes that the termination of the MRI linear growth occurs at the time when the growth rate in the maximum growth mode of the parasitic instability reaches the growth rate of the MRI. The collapse of the antiparallel disturbed field structure under this assumption is caused by the roll-up by vortices with the scale of the maximum growth mode of the parasitic instability. However, the collapse mechanism in our simulation is not so simple as described above. In our simulation, the formation of the narrow disturbed flow plays an important role for the 3 . This narrow flow induces the small-scale K-H instability whose wavelength is much shorter than the preliminary induced K-H mode parasitic instability, and the vortices induced by this small-scale K-H tear up the narrow laminar flow itself. From the above discussion, the termination of laminar structure of the linear growth of the MRI is not directly related to the parasitic instability, but the subsequent small-scale K-H instability is due to the interaction between the vortices induced by the K-H mode parasitic instability. This fact also indicates the importance of high-accuracy and high-resolution MHD calculations to resolve the termination of the linear growth of the MRI. The vertical scale of the jet-like flow structure becomes about one-fifth to one-eighth of the scale of the maximum growth wavelength of the MRI just before the collapse of the laminar flow in our calculation. In addition, the horizontal scale of the winding of the jet-like flow is about one-third to one-fourth of the maximum growth wavelength of the MRI (Figure 5) , and this structure collapses into an even smaller scale. These facts indicate that the important scale for driving the magnetic turbulence at the first peak is much smaller than the typical size of the MRI, and our calculation resolves these flow structures by using about 5-10 grid points. Our calculation resolves these small-scale structures correctly because our simulation code can resolve the wave by more than 4 grid points. It can be expected that an MHD simulation that aims to accurately reveal the transition mechanism from the MRI linear growth to small-scale structures should have the ability to resolve a much smaller scale than the MRI maximum growth wavelength.
Comparing the Termination Mechanism of the First Peak and the Peak in the Nonlinear Stage
In Section 3.2 we discussed the termination mechanism of the MRI linear growth at the first peak. As described in Section 3.1, the growth and damping of turbulent stress is repeated every few orbits, and thus there exist some peaks after the first peak. Simply speaking, it can be expected that the peaks in the nonlinear phase are also generated in a way that is similar to the generation of the first peak. However, nonlinear peaks occur in much more turbulent states than the first peak. As Latter et al. (2009) pointed out, the mixing effect of this turbulent flow is not negligible for breaking a recurrently created channel flow. Therefore, it can be expected that a "clean" laminar flow such as the MRI linear growth cannot exist because of turbulent mixing and thus the peak creation mechanism is not the same as for the first peak. In this section, we analyze the nonlinear peak in a similar way as in Section 3.2 and discuss the difference in terms of the termination mechanism between the first peak and the nonlinear peaks.
To investigate the occurrence mechanism of the peaks in the nonlinear phase, we choose a peak at = t 29.8 orbit in the nonlinear phase and analyze the property in a similar way as in Section 3.2. The nonlinear peak at = t 29.8 orbit is the peak whose turbulent stress has one of the highest values in our simulation (Figure 1) , and we assume this peak to be the typical one in the nonlinear phase. Figure 7 is plotted in the same way as Figure 3 , but at = t 29.8 orbit . Although there are many more variabilities in this case than for the first peak, the horizontal vector of the velocity field and the magnetic field have directional characteristics. This direction angle is not exactly p p 4, 5 4 for the velocity field and p p 3 4, 7 4 for the magnetic field like the one at the first peak, but the feature is similar. Therefore, it can be expected that there exists a velocity shear flow and an antiparallel magnetic field like for the first peak and thus the K-H mode parasitic instability is induced that tears up this field structure directly or indirectly. To confirm the enhancement of the parasitic instability, we check the two-dimensional wavenumber spectra of the vertical velocity at = t 29.8 orbit , as shown in Figure 4 . Figure 8 is plotted in the same way as Figure 4 , but at = t 29.8 orbit .
In the small wavenumber region, wave enhancement is observed at around k x =k y . This feature is similar to that shown in Figure 4 . Therefore, parasitic instability seems to be induced as well as the injected energy cascade, maintaining anisotropy. However, in the large wavenumber region, there is no wave enhancement of v z in k x =k y . This feature indicates that the wave enhanced by the parasitic instability in the small wavenumber region cascades without maintaining anisotropy, unlike the one at the first peak (Figure 4) . The reason for the difference of the horizontal two-dimensional wavenumber spectra between the first and the nonlinear peak is that the already existing large wavenumber and isotropic waves mix the anisotropic energy cascade and make it isotropic at the nonlinear peak. 
and L 5 z , and Figure 11(b) represents the time evolution of spatially averaged turbulent stress normalized by the initial pressure. Figure 11 indicates that the turbulent stress maximizes att 29.8 orbit , slightly earlier than the timing with the amplitude of the wavelength mode L z . This implies that the change in direction of the long wavelength mode in the x-y plane results in the difference between the peaks of the wave amplitude and turbulent stress.
The rough process of creating a peak of the stress, i.e., the growth of the channel shear flow and its collapse into smallscale flow, is similar to that of the first peak. However, the collapse mechanism itself is not the same as for the first peak because of the small-scale turbulent flow that is more isotropic than the large-scale one (Figure 8) . Although the restructured shear flow induces a large-scale wave in v z by the K-H mode parasitic instability as described above (Figure 8) , the channel seems to be torn up not by the interaction of large-scale vortices like the first peak, but by the mixing of the small-scale turbulent flow. The small-scale flows already exist before the growth of the restructured channel, and they are not dissipated but sustained throughout the growth and relaxation of turbulent stress. Around the peak, the restructured shear flow induces vertical flow as large-scale vortices of the K-H mode parasitic instability exist around the shear region. From the sequence of the spatial distribution of the horizontal velocity shown in Figure 9 , we infer the process that brakes the large-scale flow as follows. The small-scale flow structures, with small-scale shear flow, are vertically advected toward the flow region by the vertical flow. After this, they seem to mix with the restructured channel flow and break its structure.
As described above, the collapse of the restructured channel flow reproduced in our simulation is due to the coexistence of the large-scale vortices induced by parasitic instability and the small-scale turbulent flow structure that continues to exist throughout the collapse process. This indicates that the smallscale flow structure plays an important role for collapsing not only the linear MRI channel, but also the restructured channel structure. Although the collapse process becomes more complicated as we solve the turbulent flow more precisely, this fact also indicates the necessity of resolving waves whose wavenumber is significantly larger than the typical wavenumber of the MRI and the parasitic instability.
We carried out simulations at half-resolution and obtained results showing the enhancement of the MRI, the subsequent collapse of large-scale shear flows, and repeating enhancements in the nonlinear phase, as we showed in the present study. Figures 12 and 13 show the simulation results at halfresolution. The tendency of the evolution obtained in the simulation results at half-resolution is similar to the highresolution simulations, although we find a quantitative difference of the amplitudes and the timescale of the enhancements in the nonlinear stage. Figures 14 and 15 show snapshots of the divergence errors at = t 2.80 orbit and 29.80, respectively, corresponding to the saturation of the turbulent stress, in planes including the x-y, x-z, and y-z axes. We normalized  · B by B L z 0 . We find large  · B errors at the boundary of the x-axis of the simulation system that are mainly due to the shearing box boundary condition. These results indicate that the  · B errors were localized at the edge of the simulation system and did not spread throughout the whole system. Figure 16 shows the time evolution of the averaged energy densities of the kinetic, magnetic, internal, and total energies in the simulation results. From the evolution of the averaged total kinetic energy, we estimate the timescale of the energy increase to be 1.38 per orbit. From the behavior of the magnetic and kinetic energy densities, we find that the increase in internal energy did not affect to the results significantly.
Conclusion
We carried out a three-dimensional ideal MHD simulation of MRI-driven turbulence in a shearing box using a newly developed high-order MHD simulation code. We discussed the enhancement of parasitic instability and importance of smallscale flow to have the peak of turbulent stress at the first and nonlinear peaks. The magnetic turbulence in accretion disks under ideal MHD is expected to be driven by the K-H mode parasitic instability, which is a secondary instability induced by the MRI (Goodman & Xu 1994) . Although previous numerical simulations identified the enhancement of the parasitic instability (Lesur & Longaretti 2011; Murphy & Pessah 2015) and reported that the maximum growth wavenumber of the parasitic instability at the first peak is a higher value than found in an analytical estimation (Rembiasz et al. 2016) , the detailed process of driving the magnetic turbulence and the role of the small-scale flow in this are not fully revealed. To investigate these with the help of an MHD simulation, we developed a high-order MHD simulation code that employs a high-order central difference and the artificial diffusivity-type MHD scheme proposed by Kawai (2013) by applying the shearing box boundary condition. Whereas many previous MHD simulations used a shockcapturing-type scheme that is not suitable for resolving wave fine structures, our code can accurately resolve turbulent flow using fewer grid numbers, and thus enabled us to investigate the role of the small-scale flow in generating the parasitic instability and creating the stress peak.
At the first turbulent stress peak, i.e., att 2.8 orbit , we showed the anisotropic wave enhancement in a two-dimensional wavenumber spectrum of the vertical velocity that is due to the excitation of the parasitic instability. The fastest enhancement wavenumber of this wave is much larger than that obtained analytically, and this feature is similar to the result of Rembiasz et al. (2016) , although they assumed a different setting from ours. We found that this feature arises because the interaction of the vertically located growing vortices induced by the parasitic instability causes the layered structure of the disturbed flow to become narrower and faster, and then the jet-like structure induces a much smaller and faster growing K-H-like instability just before the peak. This newly induced instability causes the MRI-created layered flow structure to tear off, and thus the turbulent stress decreases. The first peak creation process in our simulation is summarized as follows. First, the MRI grows linearly and results in layered structures of the disturbed field. Meanwhile, the K-H mode parasitic instability grows and results in a few vortices. Then, the vertically located vortices cause the layered flow structure to become narrower and faster. Finally, the created jet-like structure becomes unstable and the layered structure tears off, and thus the turbulent stress decreases. We also showed the analysis results for the arbitrarily chosen nonlinear peak att 29.8 orbit to discuss the creation mechanism of the peak and the difference from the first peak. The anisotropic wave enhancement of parasitic instability is observed in a two-dimensional wavenumber spectrum of vertical velocity. The anisotropic spectrum is found only in the small wavenumber region, however, while large wavenumber waves are more isotropic than those at the first peak. This indicates that a nonlinear peak is created in an environment where large-scale and anisotropic parasitic mode waves and isotropic turbulent waves coexist. The restructured channel flow starts to collapse at the nonlinear peak, but the mechanism is not obvious because of the small-scale turbulent structure. From the sequence of the spatial distribution of the horizontal velocity, we inferred the process that brakes the large-scale flow as follows. The small-scale flow structures, with small-scale shear flow, are vertically advected toward the flow region by the vertical flow. After this, they seem to mix with the restructured channel flow and break its structure.
The peak creation and driving magnetic turbulence mechanism, i.e., the collapse mechanism of the channel flow structure, is related to the destruction of the large-scale structure by the small-scale flow both in linear and nonlinear phase. This fact indicates the possibility that the factors that change the small-scale flow structure, such as the magnetic diffusivity and viscosity, can change the peak values and evolution processes in the linear and nonlinear stages. Some numerical studies have reported that a slight amount of diffusivity caused by physical ) and numerical effects (Minoshima et al. 2015) changes the value of turbulent stress. It can be considered that these features are due to the variation in the small-scale structure by changing the diffusivities. We also note that the grid convergence should be investigated in future studies, because the limitation of computational resources prevents us from carrying out simulations with higher spatial resolution. The detailed mechanism that generates these variations should be investigated with high-order and high-resolution MHD simulations.
The computer simulation was performed on the computational resources of the HPCI system provided by the Research Institute for Information Technology, Kyushu University; the Information Technology Center, Nagoya University; and the Cyberscience Center, Tohoku University through the HPCI System Research Project (Project ID: hp160131, hp170064). This research is 
